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Microstructural Evolution of Secondary Phases in the Cast
Duplex Stainless Steels CD3MN and CD3MWCuN
YOON-JUN KIM, OZAN UGURLU, CHAO JIANG, BRIAN GLEESON,
and L. SCOTT CHUMBLEY
The isothermal formation behavior of secondary phases in two types of duplex stainless steels
(DSS), CD3MN and CD3MWCuN, was characterized. Samples were heat treated from 1 minute
to 30 days at temperatures from 700 C to 900 C. Small carbide (M23C6) and nitride (Cr2N)
precipitates, together with the intermetallic phases sigma and chi, were observed using scanning
electron microscopy (SEM) and conﬁrmed by transmission electron microscopy (TEM) analyses.
Based on SEM analysis, time-temperature-transformation (TTT) curves for the sigma and chi
phases were determined by measuring their volume fractions from backscattered electron
micrographs of heat-treated and quenched sample cross sections. Resulting TTT curves showed
that the maximum formation temperature for chi is lower than that for sigma, while the time to
reach 1 vol pct formation is much less for sigma than it is for chi. The thermodynamic driving
forces associated with the sigma and chi formation were assessed using Thermo-Calc.
DOI: 10.1007/s11661-006-9049-6
 The Minerals, Metals & Materials Society and ASM International 2007
I. INTRODUCTION
DUPLEXstainless steels (DSS) possessing both ferrite
(d) and austenite (c) as primary phases are produced by
adding Cr, Mo, Si, Ni, Mn, and N to a base Fe-C system.
The addition of such alloying elements aﬀects the relative
stability of existing phases and also causes new phases to
form. Elements such as Cr, Si, and Mo are called ferrite
stabilizers because they promote ferrite phase formation
over wider composition and temperature ranges as com-
pared to the Fe-C system. Concurrently, the austenite
region is contracted, i.e., the c loop shrinks. By contrast,
elements such as C, Ni, Mn, and N promote austenite
formation and are called austenite stabilizers. Both ferrite
and austenite co-exist in DSS by adjusting the ratio of
ferrite-to-austenite stabilizers. The two-phase microstruc-
ture of such steels confers a favorable combination of
mechanical and corrosion properties.
Because DSS are highly alloyed, many secondary
phases other than d and c may also form during either
service or fabrication. Typical secondary phases that
have been reported[1] are listed in Table I and include
secondary austenite (c2), carbides such as M7C3 and
M23C6, and various types of intermetallic phases such as
r, v, R, and p. Secondary austenite (c2) has the same
crystal structure as primary austenite (c1); however, the
lattice parameter and the formation temperature are
slightly diﬀerent from the primary form. In spite of their
diﬀerences, the physical and mechanical properties of c
and c2 are quite similar.
[1] Austenite is known to
improve mechanical properties such as fracture tough-
ness[1] and is beneﬁcial to DSS performance. The carbon
content in DSS is usually very low (less than
0.03 wt pct), and, as a consequence, the amount of
carbide is typically too low to signiﬁcantly aﬀect the
mechanical properties. The carbides usually form in
conjunction with c2 and r
[2] to result in dual-phase
morphologies. The formation mechanism of nitrides
such as Cr2N in DSS has also been reported.
[3]
The phases most deleterious to mechanical and
corrosion properties of DSS are the Cr- and Mo-rich
intermetallics, because they are brittle and reduce the
steel’s resistance to pitting corrosion due to depletion of
Cr and Mo from the d matrix.[1,4,5,14] The Cr-rich r
phase has a tetragonal lattice structure and its nucle-
ation is usually observed at the interphase boundary
between d and c.[1–12] The Mo-rich v phase has a cubic
crystal structure and its formation may be detrimental
to the impact toughness of DSS.[15,16] The v phase is
reported to be more brittle than r.[4]
Time-temperature-transformation (TTT) and contin-
uous-cooling-transformation diagrams are useful for
assessing the transformation behavior and stability of
detrimental intermetallic phases in DSS. Accordingly,
several transformation assessment studies have been
conducted on various wrought alloys.[6–11] Recent stud-
ies by the present authors[12,13] on CD3MN and
CD3MWCuN represent the only known work on the
phase transformation kinetics of cast DSS. These recent
studies employed optical microscopy and tint etching to
examine phase precipitation and to determine the extent
of transformation. However, the tint-etched colors of
both r and v are too similar to allow for an unambiguous
identiﬁcation. Thus, the initial diagrams developed
contained collective initial and ﬁnal intermetallic forma-
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tion curves, rather than separate curves for r and v. A
further phase characterization study was therefore
undertaken using detailed scanning electron microscopy
(SEM) and transmission electron microscopy (TEM),
coupled with compositional analysis using energy-dis-
persive spectroscopy (EDS). Based upon the various
characterizing methods used, the aim of this study was to
clarify the phase identiﬁcation of secondary phases
formed in DSS alloys, thus producing more accurate
transformation curves.
II. EXPERIMENTAL PROCEDURES
Cast DSS, CD3MN (alternatively, UNS J92205 or
ASTM A 890/A 890M 99 Grade 4A) and CD3MWCuN
(alternatively, UNS J93380 or ASTM A 890/A 890M 99
Grade 6A), were received in the form of keel bars of
approximate size 3 · 4 · 35 cm. The primary designations
used for these steels are in accordance with the Alloy
Casting Institute. The measured composition, heat treat-
ment, metallography, and quantitative measurement
methods used are described in detail elsewhere. [12] Brieﬂy,
small coupons about 4 mm in thickness were sliced from
the blocks by electric discharge machining. The coupons
were ﬁrst heated at 1100 C for 30 minutes in order to
achieve an initial c/d ratio of 50:50, and then quickly
cooled to an isothermal annealing temperature in the
range of 750 C to 900 C and held in a salt bath or a box
furnace for times ranging from 1 minute to 1 month. At
the end of a given anneal, the coupons were quenched in
water. Cross sections of the coupons were prepared using
standard metallographic techniques. Each sample was
electrolytically etched in a 50 g NaOH + 100 mL H2O
solution for approximately 10 seconds at 6 V. The area
fraction of intermetallic r and v phases was measured
using a scanning electron microscope equipped with an
image analysis system and operated in the backscattered
electron imaging mode. The SEM images were taken at
1000 times magniﬁcation.
Phase identiﬁcation was carried out on selected samples
using a Philips* CM30 transmission electron microscope
at 300 KeV. A CD3MN sample heat treated at 850 C for
30 days andaCD3MWCuNsample heat treated at 850 C
for 3 days were analyzed, because they were expected to
contain the greatest number of possible phases. The TEM
foilswerepreparedusing the jet polishingmethod, inwhich
the solution used was 5 pct perchloric acid + 25 pct
glycerol + 70 pct ethanol at a temperature of –20 C
and a potential of 50 V.An energy dispersive spectrometer
attached to a transmission electron microscope was used
for initial screening of the possible phases and to quantify
the compositions. Amore accurate determination of phase
composition was carried out on polished bulk samples
using an electron probe microanalyzer equipped with
wavelength dispersive spectrometers.
III. EXPERIMENTAL AND CALCULATED
RESULTS
A. TEM Analysis
Identiﬁcation of the precipitate phases in the heat-
treated cast alloys was initially determined using EDS to
locate potential regions in the sample for detailed
electron diﬀraction analysis. Once a region was identi-
ﬁed, a combination of selected area diﬀraction (SAD)
and convergent beam electron diﬀraction was used, with
the results being compared to the crystallographic
information listed in Table I. In terms of microstruc-
tural evolution, the steels studied contained approxi-
mately a 50:50 ferrite-to-austenite ratio at the beginning
of isothermal transformation. Secondary phases such as
c2, r, and v started to form at d/c interphase boundaries
during the course of subsequent isothermal annealing.
As will be shown in more detail in Section B, at long
times, the d ferrite was consumed by the formation of
intermetallic compounds.
The most commonly observed intermetallic precipi-
tates in both steels were found to be r and v. An
example of a r precipitate in the CD3MN steel is shown
in Figure 1, which also includes a selected area diﬀrac-
tion pattern from the [100] zone axis. The v phase
(Figure 2) was also observed but to a much lesser extent.
Both the v and r phases appeared large and relatively
equiaxed, as might be expected if they were growing at
the expense of an equiaxed d ferrite grain.
A number of small roughly circular precipitates
were also found. Cr-rich precipitates, identiﬁed as
Table I. Common Secondary Phases in DSS[1]
Phase
Lattice Type
(Structure Type)
Space Group
(Pearson Symbol) Lattice Parameter, A˚ Formation Temperature, C
d bcc (W) Im m (cI2) a = 2.86 to 2.88 All temperatures
c/c2 fcc (Cu) Fm m (cF4) a = 3.58 to 3.62 700 to 900 ((2)
r tetragonal (CrFe) P42/mnm (tP30) a = 8.79, c = 4.54 600 to 1000
v cubic (Mn) I 3m (cI58) a = 8.92 700 to 900
R rhombohedral (Mo) R3 (hR53) a = 10.90, c = 19.34 550 to 800
p cubic (Mn) P4132 (cP20) a = 6.47 600
Cr2N hexagonal (Fe2N) P 1m (hP9) a = 4.80, c = 4.47 700 to 900
M23C6 cubic (C6Cr23) Fm m (cF116) a = 10.56 to 10.65 <950
M7C3 orthorhombic (C3Cr7) Pnma (oP20) a = 4.52, b = 6.99, c = 12.11 950 to 1050
*Philips is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.
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M23C6-type carbide (Figure 3), were present throughout
the CD3MN sample. These precipitates were usually
observed at c grain boundaries. Cr2N precipitates were
also easily identiﬁed in CD3MN (Figure 4). These latter
precipitates usually occurred in small clusters or groups,
often somewhat aligned. Both the carbides and nitrides
were more diﬃcult to ﬁnd in the TEM samples of
CD3MWCuN. Other types of secondary phases listed in
Table I, such as M7C3, R, and p, were not observed in
the current investigation in either CD3MN or
CD3MWCuN. Table II compares the lattice parameters
calculated from diﬀraction patterns obtained in this
study to those obtained from the references. The
agreement seems to be quite good. The contents of the
major elements, as determined semiquantitatively using
EDS in TEM, are also listed in this table.
B. SEM Analysis
Typical microstructures from CD3MN heat treated
for 30 days at 850 C and CD3MWCuN heat treated
for 3 days at the same temperature are shown in
Figure 5(a) and (b), respectively. The contrast variation
in these backscattered electron (BSE) images due to
atomic number diﬀerences in the phases, coupled with
EDS measurements, allowed for correlation with the
TEM results. The matrix in both steels consisted
predominantly of c (gray), with only small amounts of
d (dark gray) present. The M23C6-type carbides identi-
ﬁed by TEM appeared as precipitates along globular-
shaped c boundaries. In agreement with the TEM
analyses, fewer carbides were observed in the
CD3MWCuN sample than in CD3MN. The r phase
appears light gray in Figure 5 and it is evident from the
CD3MN image (Figure 5(a)) that r growth involved the
consumption of d. It is noted that the diﬃculty in
Fig. 1—Bright-ﬁeld image of r phase in CD3MN heat treated 30
days at 850 C. The inset shows the [100] zone axis from the r-phase
grain.
Fig. 2—Bright-ﬁeld image of c and v grains in CD3MN heat treated
30 days at 850 C. The insets show the [011] SAD pattern obtained
from the c and [111] SAD pattern from v.
Fig. 3—Bright-ﬁeld image of CD3MN heat treated 30 days at
850 C. The SAD pattern (inset) shows the [011] zone axis from the
indicated M23C6 phase particle (arrowed).
Fig. 4—Bright-ﬁeld image of Cr2N phase in CD3MN heat treated 30
days at 850 C. The SAD pattern (inset) shows the Cr2N [0001] zone
axis aligned with the [111] zone axis of c. Numerous extra reﬂections
around the Cr2N {10–10} are due to double diﬀraction eﬀects.
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diﬀerentiating between r and v in the optical images
does not exist in BSE images. Both r and v contain Fe,
Cr, Mo, and Ni as major elements; however, as will be
shown in Section C, r is richer in Cr while v is richer in
Mo. This causes the v phase to appear brighter than r in
BSE images.
A ﬁne distribution of small white particles is also seen
within the c grains in Figure 5. These particles have the
size, shape, and clustering observed for the Cr2N
particles in TEM. The relatively high Cr content, as
measured by EDS in the TEM, causes these particles to
also appear white when compared to the matrix. Fewer
Cr2N particles are visible in the CD3MWCuN sample
than in CD3MN.
Investigation of the chemical compositions of the
major phases using wavelength dispersive spectroscopy
(WDS) involved samples annealed at short and long
times to eﬀectively represent the start of precipitation
and the establishment of equilibrium conditions. Con-
centrations of the major alloying elements such as Fe,
Cr, Mo, and Ni in the d, c, r, and v phases were found to
vary slightly with annealing time, as might be expected
in a diﬀusion-controlled process. Typical results for
short and long annealing times are summarized in
Tables III and IV, respectively. The composition of r in
CD3MN after 30 minutes annealing and v in
CD3MWCuN after 10 minutes annealing could not be
accurately measured using EDS in the SEM due to their
small size. It is noted that the amount of d in
CD3MWCuN after 3 days annealing was essentially
zero. Further, in the short-time annealed samples (i.e.,
30 min for CD3MN and 10 min for CD3MWCuN), the
amount of intermetallic phase present was so low it was
diﬃcult to discern between v and r simply on the basis
of contrast in the SEM, even when using BSE imaging.
This is because, with only a single phase present, the
contrast can be made to appear white or light gray
simply by varying the SEM contrast and brightness
controls.
C. Thermodynamic Calculations
Parallel to experimental investigations, equilibrium
thermodynamic calculations were also performed in the
present study using the CALPHAD (calculation of
phase diagrams) approach, as implemented in the
Thermo-Calc software package.[18] The 850 C equilib-
rium phase compositions for both CD3MN and
CD3MWCuN alloys were calculated. The most recent
iron and steel database, TCFE3, was used in these
calculations. The calculation results are included in
Tables III and IV and are seen to be in reasonable
agreement with the experimental measurements. Fur-
ther, the calculations clearly conﬁrm that v is especially
rich in Mo when compared to r (about 16 to 18 wt pct
vs 6 to 8 wt pct), while r is slightly enriched in Cr
compared to v. Therefore, the initial intermetallic phases
that contained relatively high Mo are inferred to be v,
while those particles that contained low Mo and high Cr
are considered to be r. According to such criteria, the
intermetallic phase ﬁrst formed after 30 minutes in
CD3MN is believed to be v. Just the opposite is true for
CD3MWCuN, where, on the basis of composition,
r appears to be the ﬁrst to form.
Table II. Calculated Lattice Parameters of Phases Identiﬁed
Phases Reference Lattice Parameter, A˚ Experimental Lattice Parameter, A˚ Composition Measured by EDS (Wt Pct)
c/c2 a = 3.58 to 3.62 a 3.61 70Fe-21Cr-6.0Ni-1.5Mo
r a = 8.79, c = 4.54 a 8.83 , c 4.55 56Fe-35Cr-4.5Ni-2.8Mo
v a = 8.92 a 8.89 51Fe-24Cr-2.1Ni-21Mo
Cr2N a = 4.80, c = 4.47 a 4.70, c 4.47 8.6Fe-88Cr-2.8Mo (N omitted)
M23C6 a = 10.56 to 10.65 a 10.67 21Fe-61Cr-1.2Ni-11Mo-5.0C
Fig. 5—BSE image of (a) CD3MN annealed for 30 days and (b)
CD3MWCuN annealed for 3 days. The chi phase is brighter than
sigma in the BSE image.
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D. Precipitation Kinetics of r and v
The volume percentages of r and v were determined
by analysis of BSE images similar to that of Figure 5,
and the results are shown in Figures 6 and 7 for
CD3MN and CD3MWCuN, respectively. While it
appears that v may form initially in CD3MN, the
amount remains extremely low when compared to r.
After 30 days annealing, the v phase in CD3MN had a
maximum of about 2 vol pct at 800 C and about 1 vol
pct at 850 C. At 900 C, the amount of v phase was
essentially zero. For CD3MWCuN, in which it appeared
that r formed ﬁrst, the amount of v was also small, even
less than seen for CD3MN. The maximum amount was
about 1.5 vol pct at 800 C. At 900 C and 750 C, v
was not found after 3 days heat treatment. The kinetic
curves for the extent of r formation at a given
temperature were found to be approximately sigmoidal
in shape, which is in agreement with our previously
reported results based on optical microscopy.[13]
The precipitation curves representing 1 vol pct for-
mation of r and v in CD3MN and CD3MWCuN are
plotted in Figures 8 and 9, respectively. The 1 vol pct
intermetallic phase precipitation curve (r + v) previ-
ously determined from optical microscopy study[13] is
included for comparison. The noses of the r and v
curves match the previously reported curves fairly well,
although the 1 vol pct r curve is displaced to shorter
times while v is displaced to longer times for CD3MN.
The maximum formation temperature of v is located at
approximately 900 C, although the amount seen at this
temperature never reached the 1 vol pct level for the
times studied.
For CD3MWCuN, the noses for the r and v phases
were located at longer times than for the optically
determined r + v curve. The nose of the v-phase curve
exists at a lower temperature than that for the r phase.
The temperature range for v-phase formation is between
750 C and 900 C.
IV. DISCUSSION
The phases identiﬁed from TEM analysis are in
general agreement with what has been previously
reported in DSS.[1] Although the M7C3, R, and p phases
were not seen, this does not mean they were not present,
as it is possible that the amounts of these phases were
too low to be resolved in this study. If so, it is reasonable
to conjecture that such irresolvable amounts of these
secondary phases would play little or no role in
determining the mechanical and corrosion properties
of DSS and did not signiﬁcantly aﬀect the kinetics of
microstructural evolution.
The measured phase compositions summarized in
Tables III and IV, coupled with complementary micro-
structural analyses, indicate that v is most likely the ﬁrst
intermetallic phase to form in CD3MN. However, the
composition of the initial precipitates is closer to that of
r than v in the case of CD3MWCuN. This may be due
to the fact that, as shown in Figure 10, the thermody-
namic driving forces for the precipitation of r and v
phases from metastable c + d equilibrium are very
similar to each other in both CD3MN and
CD3MWCuN. As a consequence, a slight local compo-
sition ﬂuctuation could easily aﬀect which phase
actually forms initially at any given location.
Fig. 6—Volume percent of r and v at (a) 800 C, (b) 850 C, and (c)
900 C.
208—VOLUME 38A, FEBRUARY 2007 METALLURGICAL AND MATERIALS TRANSACTIONS A
In Figure 5, only limited amounts of v can be
observed in contrast to the relatively high volume
percentage of r, and v precipitates usually appear inside
large r regions. Indeed, the present equilibrium ther-
modynamic calculations do show that r exists in much
larger amounts than v in both CD3MN and
Fig. 7—Volume percent of r and v at (a) 750 C, (b) 800 C, (c) 850 C, and (d) 900 C in CD3MWCuN.
Fig. 8—Initial (1 vol pct) precipitation curves of r and v phases
superimposed on the initial intermetallic (r + v) curve after Ref. 13.
Fig. 9—Initial (1 vol pct) precipitation curves of r and v phases for
CD3MN superimposed on the TTT intermetallic (r + v) curve after
Ref. 13.
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CD3MWCuN at 850 C. The extremely low amounts of
v that formed make it diﬃcult to reliably plot initial and
ﬁnal curves for this phase. The 1 vol pct curve was
plotted to show the existence of such a phase. The
temperature range for v precipitation was found
between 750 C and 900 C, which is narrower than
that found for the r phase. The location of the nose was
found to be similar to that seen for the same amount of
r, only slightly lower and delayed in time.
Finally, the discrepancy between the position of the
precipitation start curve determined in an earlier study
using optical microscopy[13] and the results of this study
are believed to be primarily related to the techniques
used and the number of samples examined. The SEM
allowed for higher magniﬁcations to be employed so
small precipitates that may have been hard to distin-
guish using tint etching and an optical microscope were
easily revealed in the SEM. This accounted for the
displacement of the initial precipitation curves to the
left. In a similar manner, regions thought to be r using
optical means could be revealed as pits or inclusions
using the higher resolution SEM. These possible vari-
ations, coupled with the minor variations that must be
expected when examining diﬀerent samples and areas,
can easily account for the discrepancies.
V. CONCLUSIONS
1. Phase identiﬁcation in heat-treated CD3MN and
CD3MWCuN DSS was carried out using SEM and
TEM. The phases identiﬁed were c, c2, d, r, v,
Cr23C6, and Cr2N.
2. The principal secondary phases to form in both
steels were r and v. At equilibrium, i.e., after long-
term annealing, r is the predominant phase. Sigma
is rich in Cr, approximately 31 wt pct, while v
phase is rich in Mo, approximately 16 wt pct.
3. Resulting precipitation curves for r and v showed
slight variations between the results of this study
and a previous one that employed optical micros-
copy for the quantitative analysis. [13] The maxi-
mum temperature for v formation is lower than
that for r formation.
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